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trout would aid in determining whether 
the shared abilities of the former two 
species are due to common ancestry 
or convergence. Convergence has 
been suggested as the reason for 
other superficially similar ape and 
human abilities [10] and is most likely 
the reason why trout have superficially 
similar partner-choice abilities to 
humans and chimpanzees. 
Supplemental Information
Supplemental Information including exper-
imental procedures can be found with this 
article online at http://dx.doi.org/10.1016/j.
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architecture 
constraints
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and Šteˇpán Janecˇek1,2 
Specific pollen placement by 
zygomorphic flowers on pollinators 
is one of the key innovations of 
angiosperm evolution [1]. In most 
phylogenetic lineages that have 
evolved zygomorphic flowers, 
reproductive organs are positioned 
either in the lower or upper part of 
the flower. Although these specific 
positions largely enhance pollen 
economy, they also represent 
architectural constraints such that 
flowers are able to place pollen 
only on the dorsal or ventral part 
of pollinators’ bodies [2]. Such 
constraints can lead to interspecific 
pollen placement in situations where 
phylogenetically related species with 
the same floral architecture share 
pollinators [3]. 
Here, we present a simple but 
ingenious adaptation of Impatiens 
frithii, a bird-pollinated plant that 
shares its main pollinator with four 
other Impatiens species on Mt. 
Cameroon. In contrast to other 
species of the genus, the nectar spur 
of I. frithii is not curved downwards, 
but slightly upwards. This apparently 
small modification significantly 
affects how pollen is placed on 
birds’ bodies. When a bird forages 
on nectar, the flower twists as the 
spur conforms to the shape of the 
bird’s bill. As a consequence, pollen 
is placed in an unusual location on 
the bird’s body — the ventral surface 
of its bill or head. Our observations 
demonstrate that a minute change 
in floral morphology can effectively 
overcome constraints resulting from 
the basal floral architecture early in 
the group’s evolution. We assume 
that such adaptations can not only 
help the plants avoid interspecific 
competition, but as the adaptations 
create strong reproductive barriers, 
they may also contribute to plant 
speciation.
The origin of pre-pollination 
reproductive barriers has been one of the central topics of evolutionary 
biology since Darwin’s time, and 
remains rather mysterious in 
situations where phylogenetically 
related species grow in sympatry 
and share the same pollinators. 
In these situations, one way to 
separate gene flow is to place pollen 
on different parts of pollinators’ 
bodies [4]. Extremely precise 
placement that leads to reproductive 
isolation can be found particularly 
in orchids [5], which achieve this 
precision by producing pollinia. 
Plants with free granular pollen, 
however, cannot in this way achieve 
mechanical isolation, as has been 
well documented, for example, in 
members of the genera Pedicularis 
and Stylidium [6,7]. In these cases, 
the only possible way of creating 
a sufficiently strong reproductive 
barrier is to place and pick up 
pollen sufficiently far apart [6,7]. 
The evolutionary process that can 
lead to this situation is nevertheless 
almost always related to gradual 
changes in traits (e.g. gradual 
changes in the reward–stigma 
distance and/or the reward–
anther distance), which result in 
overlapping pollen placement on 
pollinators’ bodies by different 
plant species [8]. Such processes, 
therefore, cannot lead to effective 
reproductive isolation [6]. In some 
cases, architectural constraints 
can be overcome if a pollinator 
alters its foraging position, as 
has been demonstrated in insects 
collecting pollen on Pedicularis [6] 
or in perching sunbirds foraging for 
nectar on Aloe [9]. 
The endemic species Impatiens 
frithii has only relatively recently 
been described from the Bakossi 
Mountains and Mt. Etinde in 
western Cameroon [10]. Its floral 
properties correspond to the bird-
pollination syndrome. The epiphytic 
I. frithii grows on smaller trees or 
lower tree branches, and its long-
peduncled red flowers protrude 
out of the foliage. We observed I. 
frithii flowering on the slopes of Mt. 
Cameroon at elevations of 879–1340 
m above sea level during the wet 
season of 2013 (July 24–September 
2). To identify its main pollinators 
we observed seven individuals of I. 
frithii using remote video systems 
(163.3 hours of observations). 
We recorded eighteen arrivals of 
Cyanomitra oritis, and this sunbird 
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Figure 1. Two types of pollen placement by Impatiens species.
(A) All known Impatiens species place pollen grains on the dorsal part of the head; this panel 
shows a sunbird Cyanomitra oritis during nectar foraging on Impatiens sakeriana. (B) Flower of 
I. frithii with atypical spur curvature. (C) Sunbird C. oritis inserting its bill into an I. frithii flower 
that is still in a normal position (snapshot from a video recording). (D) Nectar spur of I. frithii 
in an inverted position, fitting the beak shape of C. oritis (snapshot from a video recording).was also the most frequently 
observed legitimate visitor on all 
other co-flowering bird-pollinated 
Impatiens species that grow on 
Mt. Cameroon (unpublished data). 
The typical floral architecture of the 
genus Impatiens with reproductive organs in the dorsal part of the 
flower inevitably leads to pollen 
deposition on and pick-up from the 
dorsal part of pollinators’ heads 
(Figure 1A). In the case of I. frithii, 
however, the situation is quite 
different. Thanks to atypical nectar spur curvature, where the spur of 
I. frithii is not curved downwards, 
as is usual, but slightly upwards 
(Figure 1B), the flower twists during 
bird foraging on nectar as the 
spur conforms to the shape of the 
bird’s bill. Pollen is consequently 
placed on the ventral surface of the 
bird’s bill or head (Figure 1C, 1D; 
Supplemental Movie S1).
Changes in pollen placement 
on sunbirds by closely related 
sympatric species have been 
described only in relation to changes 
in pollinator foraging position. 
Succulent tree aloes, such as Aloe 
pluridens and Aloe lineata var. 
muirii, place their pollen on the 
underside of the mandible and chin 
of sunbirds foraging in the head-up 
position. Aloe africana, by contrast, 
due to its strongly curved perianth 
tube, places pollen on the crown of 
the heads of sunbirds that forage 
in the upside-down position [9]. 
The upside-down feeding position 
requires support for perching, which 
is provided by the plants’ robust 
inflorescence.
The sunbird C. oritis, which 
forages nectar from flowers of I. 
frithii while hovering, cannot forage 
in the upside-down position, and 
the unusual pollen placement 
by I. frithii is facilitated by 
extraordinary rotation of the flower. 
This adaptation seems to be very 
important, considering the fact that 
several bird-pollinated Impatiens 
species occurring on Mt. Cameroon 
share a common pollinator, and that 
all flower at the same time during 
the wet season (unpublished data). 
Change in the placement of pollen 
is a perfect barrier against pollen 
transfer among sympatric occurring 
Impatiens species.
The biggest remaining question is 
whether this adaptation separating 
pollination systems could be the 
result of sympatric speciation or 
whether it evolved in allopatry, 
and secondary sympatry caused 
character displacement to reduce 
pollen competition [8]. Follow-up 
experimental studies are needed 
to resolve this question, and the 
next studies should also determine 
how tongue and bill movements 
contribute to the flower twist.
Our observation provides evidence 
for the first known pollination 
system where plants have overcome 
floral architecture constraints on 
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Reply to Cordi et al.
Christian Cajochen1,*,  
Songül Altanay-Ekici1, 
Mirjam Münch2,  
Sylvia Frey1, Vera Knoblauch3,  
and Anna Wirz-Justice1
In their paper on the influence of 
the moon on sleep, Cordi et al. [1] 
have analyzed a large number of 
subjects and found no significant 
effects, as opposed to our positive 
study findings with a smaller cohort 
[2]. More is not necessarily better. 
There are two main reasons why we 
think the comparison of these two 
data sets is not just comparing a 
small with a big sample size, since 
increasing the number of study 
volunteers in a sleep study does not 
automatically increase data quality.
Several factors and processes 
influence the quality and structure 
of human sleep, primarily duration 
of prior wakefulness, circadian 
phase and the environmental light–
dark cycle (for a review, see [3]). To 
thoroughly investigate and quantify 
the contribution of each of these 
influences on sleep, studies need to 
be carefully designed with the aim 
of controlling for each factor. Thus, 
to investigate a potential rhythmic 
influence on sleep retrospectively, 
it is essential that the examined 
cohort (study volunteers) was studied 
under very controlled conditions. 
For instance, light affects our 
circadian rhythms and in turn our 
sleep more powerfully than any 
drug. Consequently, synchronizing 
study volunteers to the 24-hour 
light–dark cycle according to their 
own preferred sleep–wake timing is 
a requirement for any sleep study 
which aims at quantifying sleep 
measures. Chronobiologists call this 
‘enforcing circadian entrainment’, 
which is a sine qua non for proper 
quantification of the influence of 
the circadian process and prior 
wakefulness on sleep. We also 
consider this a necessary prerequisite 
when carrying out post-hoc analyses 
of the potential impact of rhythmic 
phenomena (such as the lunar cycle) 
on sleep. 
To explain this phenomenon with a 
more allegorical approach, imagine 
an orchestra with a certain number of 
musicians. You are trying to recognize 
a rhythmic characteristic of the music 
played by the musicians, but you can 
only listen to them every 10 minutes 
for a very short time retrospectively. 
If the orchestra was not precisely 
synchronized to the conductor, you 
will not recognize the melody, even if 
the number of musicians is massively 
increased, which does not augment 
signal quality but instead leads to 
cacophony. However, if the players 
(regardless of their number) play 
tuned synchronously to the conductor 
(i.e., circadian entrainment), the 
chance of recognising a melody or 
a superimposed weaker melody is 
much greater, even if you sample only 
every 10 minutes. In chronobiological 
experiments, therefore, we 
synchronize study volunteers to the 
24-hour light–dark cycle with respect 
to their own natural sleep timing, 
to unmask as well as possible the 
influence of circadian rhythmicity 
on any variable of interest. If this is 
ignored, one may probably miss very 
different rhythmic influences, such as 
that of the moon, because the signal 
to noise ratio becomes very weak. 
That could be the main reason that, 
although part of folklore, it has up until 
now been difficult to detect the rather 
weak influence of the moon on human 
sleep, since it cannot be revealed just 
by pooling non-synchronized sleep 
data.
For future studies, we therefore 
suggest to carefully control the 
following variables, and to perform 
a power analysis to estimate the 
sample size for a targeted statistical 
effect: circadian phase, light–dark 
cycle, circadian entrainment, prior 
duration of wakefulness, menstrual 
cycle and age.
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nectar spurs and illustrates how 
evolution sometimes comes up with 
unexpected solutions.
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